The product of the U1 small nuclear ribonucleoprotein particle (U1 snRNP) 70K (Ul-70K) gene, a U1 snRNP-specific protein, has been implicated in basic as well as alternative splicing of pre-mRNAs in animals. Here, we report the isolation of full-length cDNAs and the corresponding genomic clone encoding a U1-70K protein from a plant system. The Arabidopsis U1-70K protein is encoded by a single gene, which is located on chromosome 3. Severa1 tines of evidence indicate that two distinct transcripts (short and long) are produced from the same gene by alternative splicing of the U1-70K premRNA. The alternative splicing involves inclusion or exclusion of a region (910 bp) that we named "included intron." Two transcripts were clearly detectable in all tissues tested, and the leve1 of the transcripts varied in different organs. The deduced amino acid (427 residues) sequence from the short transcript has strong homology to the animal U1-70K protein and contains an RNA recognition motif, a glycine hinge, and an arginine-rich region characteristic of the animal U1-70K protein. The long transcript has an in-frame translational termination codon within the 910-bp included intron, resulting in a truncated protein containing only 204 amino acids. The protein encoded by the short transcript is recognized by U1 RNP-specific monoclonal antibodies and binds specifically to the Arabidopsis U1 snRNA, whereas the protein from the long transcript does not. In addition, multiple polyadenylation sites were observed in the 3' untranslated region.
INTRODUCTION
Most eukaryotic pre-mRNAs contain one or more introns that are removed in the nucleus to produce functional mRNAs. In addition, some pre-mRNAs with multiple introns display complicated patterns of alternative splicing (Smith et al., 1989) . Recent studies indicate that the basic and alternative splicing of pre-mRNAs plays an important role in regulating gene expression during development and differentiation, and in producing structurally and functionally different proteins from a single gene (Smith et al., 1989; Sharp, 1994) . Splicing of a nuclear pre-mRNA involves two sequential trans-esterification reactions, which take place in a large complex called the spliceosome (Sharp, 1994) . The four main components of the 60s spliceosome are U1, U2, U4/U6, and U5 small nuclear ribonucleoprotein particles (snRNPs) and many non-snRNP splicing factors (Guthrie, 1991; Sharp, 1994) . The snRNPs recognize splice sites and branch point sequences and aid in splicing (Guthrie, 1991; Sharp, 1994) .
The snRNPs have been isolated and extensively characterized in animal systems. Approximately 40 proteins associated with these snRNPs have been identified. Among them, eight proteins (B, B: D1, D2, D3, E, F, and G), called common or 'To whom correspondence should be addressed core proteins, are shared by all snRNPs, whereas the restare unique to a particular snRNP (Lührmann, 1988; Andersen and Zieve, 1991) . The mammalian U1 snRNP contains a 164-nucleotide U1 snRNA molecule and at least 11 proteins, including three U1-specific proteins (U1-A, U1-C, and U1-70K).
Genetic and biochemical analyses have shown that the U1 snRNP binds to the 5'splice site of pre-mRNA early in the formation of spliceosome (Mount et al., 1983; Rosbash and Séraphin, 1991) . Recognition of the 5' splice site by the U1 snRNP involves base pairing between complementary sequences of U1 snRNA and the 5'splice site. U1 snRNP-specific proteins are required for efficient formation of a complex between U1 snRNA and the 5' splice site junction (Mount et al., 1983; Heinrichs et al., 1990) . There is also evidence that the U1 snRNP interacts with the U2 snRNP during splicing (Black et al., 1985) . More recent studies also implicate the U1 snRNP in alternative splicing (Krainer et al., 1990; Ge and Manley, 1991; Kuo et al., 1991) .
Molecular cloning and sequence analysis of the cDNAs encoding the U1-70K protein from humans, frogs, Drosophila, mice, and yeast have provided important information about the primary structure of the protein and various functional domains (Theissen et al., 1986; Spritz et al., 1987; Etzerodt et al., 1988; Hornig et al., 1989; Query et al., 1989; Mancebo et al., 1990) . The U1-70K protein contains a conserved 80-amino acid RNA binding motif in the N-terminal region known as the RNA recognition motif (RRM) and a glycine-rich region next to the RRM (Bandziulis et al., 1989; Query et al., 1989; Kenan et al., 1991) . Within this RRM, two highly conserved regions (RNP2 and RNP1) are present. The C-terminal half of U1-70K contains highly charged argininekerine (RS)-rich regions that contribute to the abnormal migration of this 52K protein on SDS-polyacrylamide gels (Query et al., 1989) . Among animals, the U1-70K protein is highly conserved, with 88% amino acid identity between the Xenopus and human proteins. However, the yeast homolog of U1-70K has only 30% overall amino acid identity (Smith and Barrell, 1991) .
It has been demonstrated that U1-70K protein binds to stem-loop I at the 5'end of the U1 snRNA (Query et al., 1989 ).
More recent studies have shown the interaction of U1-70K with splicing factors (SC-35 and ASF/SF2) through a specific association between the RS-rich domain of U1-70K and a similar region in splicing factors (Wu and Maniatis, 1993; Kohtz et al., 1994) . Furthermore, overexpression of the RS-rich region of U1-70K has been shown to inhibit splicing as well as nucleocytoplasmic transport of mRNA (Romac and Keene, 1995) . These studies indicate an important role for U1-70K in splicing. The U1-70K protein is the only protein in the U1 snRNP that is heavily phosphorylated in vivo, and the phosphorylation sites are confined to a highly charged C-terminal RS-rich region (Woppmann et al., 1993) .
Little is known about the mechanisms by which plant cells excise introns from pre-mRNAs. Although some structural features of plant introns are similar to ones of animal introns, there are severa1 features unique only to plants (Goodall et al., 1991) . Many, although not all, plant introns can be processed faithfully in animal systems, whereas vertebrate introns are not processed in plant cells (Brown et al., 1986; Hartmuth and Barta, 1986; van Santen and Spritz, 1987a; Wiebauer et al., 1987) . The cis-acting signals that are necessary for intron removal in plants differ from those in vertebrates and yeast. In plants, especially in dicots, high A and U nucleotide content in the intron is necessary for intron processing (Goodall and Filipowicz, 1989, 1991; Lou et al., 1993; Walbot, 1994a, 1994b; Luehrsen et al., 1994) . In addition, plant introns lack a polypyrimidine tract at the 3'end and a conserved branch point sequence (Luehrsen et al., 1994) .
U1 snRNAs have been isolated from bean Spritz, 1987a), pea (Hanley and Schuler, 1991a) , tomato (Abel et al., 1989) , wheat (Musci et al., 1992) , and potato (Vaux et al., 1992) . As in animals, U1 snRNAs are coded by multiple genes and are clustered in plants (Hanley and Schuler, 1991a; Musci et al., 1992; Vaux et al., 1992) . The U1 snRNA is the most abundant of the snRNAs present in eukaryotic cells and is essential for pre-mRNA splicing (Smith et al., 1989; Guthrie, 1991) . There is some evidence that U1 snRNA genes are differentially expressed during development (Egeland et al., 1989; Hanley and Schuler, 1991b) . Although U1 snRNAs have been well characterized in plants, little is known about the protein components of the U1 snRNP and their functions in splicing. Recently, a cDNA encoding a U1 snRNP-specific protein A from plants was cloned and characterized (Simpson et al., 1995) .
Because the U1-70K protein is known to have multiple roles both in constitutive and alternative splicing, we have been interested in characterizing the plant homolog and its role in plant pre-mRNA processing. Here, we describe the isolation and structural characterization of an Arabidopsis U1-70K gene and show that two distinct transcripts are produced from a single gene by alternative splicing of a large included intron. The two transcripts are differentially expressed in different parts of the plant. The protein encoded by the short cDNA is recognized by U1 RNP-specific monoclonal antibodies and binds to Arabidopsis U1 snRNA, suggesting that it is a true homolog of U1-70K protein.
RESU LTS lsolation of a Full-Length cDNA Encoding the U1-70K Protein
We used a partia1 cDNAfrom Arabidopsis (Reddy et al., 1992) to screen a flower bud cDNA library prepared in a hZAPll vector. Thirty-two positive clones were isolated after three rounds of screening. All of the isolated clones contained a common Xhol fragment of -600 bp but varied greatly in length and in other restriction sites. Detailed restriction analysis of the isolated clones revealed the presence of two distinct cDNA variants in the isolated clones. Two clones, 23 and 24, representative of each of the two groups were chosen for further analysis. Of the 32 isolated clones, approximately one-third belonged to the clone 24 group, whereas the rest were of the clone 23 type. To determine whether both of the cDNAs are derived from the same gene or two different genes, we probed duplicate genomic DNA gel blots with either clone 23 or clone 24. As shown in Figure 1 , similar hybridization signals were obtained with both probes, indicating that the two different cDNAs are derived from the same gene. To determine the differences between the two clones, we completely sequenced clone 23 (1.5 kb) and clone 24 (2.5 kb). Comparison of the sequences of clones 23 and 24 showed that the cDNAs are identical except that clone 24 contains an additional 61-bp sequence in the 5' untranslated region and a 910-bp sequence in the middle of the coding region, suggesting that alternative splicing may be involved in the generation of two different transcripts (Figures 2 and 3 ).
Multiple Polyadenylation Sites Generate Diversity in Transcripts
Sequence analysis of the 3' untranslated region of 14 cDNA clones revealed an extensive variation in the 3'end of U1-70K cDNAs due to multiple polyadenylation sites. As shown in Figure 2 , at least nine poly(A) addition sites were detected within 23.1
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ing the generation of two transcripts from a single gene is shown in Figure 3 . The longest open reading frame that codes for 427 amino acids starts with an ATG codon (exon 1) and ends at a TGA stop codon in exon 9. Upstream of the initiation 2.0 cDNA23 cDNA24 Figure 1 . Arabidopsis Genomic DNA Gel Blot Analysis.
Seven micrograms of DNA was digested with Sail, Clal, and BamHI, and duplicate blots were prepared. One blot was probed with the short cDNA (clone 23), and the other blot was probed with the long cDNA (clone 24). DNA probes were labeled with 32 P-CTP by random prime labeling. Numbers at left indicate the length of DNA markers in kilobases.
a 67-nucleotide region. Site 3 appears to be the most common polyadenylation site because five of 14 cDNAs analyzed had a poly(A) tail at site 3, whereas the other nine cDNAs were polyadenylated at different sites. Multiple polyadenylation sites are not uncommon in plant mRNAs, although the function of such variation is not clear, lt is possible that varying lengths of 3' untranslated region may have a regulatory role in mRNA transport, stability, and/or translational efficiency of the transcripts. In most vertebrate mRNAs, there is a single poly(A) site. A hexanucleotide (AATAAA) sequence that acts as a polyadenylation signal is almost always present 10 to 30 nucleotides upstream of the cleavage site of animal mRNAs (Proudfoot and Brownlee, 1976) . This canonical poly(A) signal is absent in all of the cDNAs that have been sequenced. This is not unusual because 60% of known plant genes do not contain a perfectly conserved poly(A) signal (Hunt, 1994; Wu et al., 1995 Figure 2 . Comparison of the nucleotide sequence of the genomic clone with the two cDNAs indicated that the gene contains nine exons and that the two cDNAs are derived from the same gene by alternative splicing of a 910-bp region, which we named "included intron." A diagram depict- Exons are shown in uppercase letters, introns are presented in lowercase letters, and the included intron is shown in lowercase italics. The predicted amino acid sequence is shown under the nucleotide sequence. The predicted amino acid sequence from the included intron is shown in italics. Numbers at right correspond to nucleotides and deduced amino acids (boldface). An in-frame stop codon preceding the initiation codon is underscored. Arrowheads 1 and 2 indicate the beginning of the long cDNA (clone 24) and the short cDNA (clone 23), respectively. The short cDNA contains only the exons, whereas the long cDNA contains all the exons plus a 910-bp included intron. Numbers in the 3' untranslated region denote polyadenylation sites in different cDNAs. The sequence data of the U1-70K gene, cDNA clone 23, and cDNA clone 24 were submitted to the EMBL, GenBank, and DDBJ data bases as accession numbers U52909, M93439, and U52910, respectively. codon, there is an in-frame stop codon, suggesting the absence of a coding region upstream of the identified initiation codon. All exons, except the last exon, are relatively short (65 to 214 bp). The last exon is ~7 0 0 bp and represents almost half of the length of the U1-i0K mRNA. As in other dicots, introns in the Arabidopsis U1-70K gene are AU rich (59 to 76%) (Table 1 ). Splice sites (5'and 3') for all introns except for intron 1 are in agreement with consensus sequences (Table 1 ) (Goodall et al., 1991) . None of the highly conserved nucleotides in introns at the 5' (GT) and 3' (AG) ends is present in intron 1. However, we consider it to be a true intron because this sequence (307 bp) is not represented in any of the cDNAs analyzed and is rich in AU content (67%). The 5' or 3' splice sites of the included intron are as good a match as the 5' and 3'splice sites of other introns with the consensus sequence. Hence, the skipping of this intron in large transcripts is not dueto poor splice sites or low AU content (Table 1) but possibly to its size. The human U1-70K gene contains 11 exons and is representative of animal U1-70K genes because the general structure of the gene is highly conserved during vertebrate evolution. 
U1-70K Gene 1s Mapped to Chromosome 3
Two subcloned fragments (3.7 and 6.2 kb) of genomic clone (X 5) harboring the U1-70K gene showed restriction fragment length polymorphism between the Landsberg erecfa and Columbia ecotypes with Xbal. These fragments were used to probe the mapping filters of 100 individuals. Analyses of the data indicate that the U1-70K gene is located on chromosome 3 between markers lbAT457 and DEFN712. a Splice site junctions were determined by comparing the gene sequence with the cDNA sequences. Nucleotides that are identical to consensus sequences of 5' and 3 splice site junctions in dicots are underlined. b The consensus sequence at the 5' splice site junction in dicots is AG GTAAGT. Nucleotides that are identical to the consensus sequence are underlined. c The consensus sequence at the 3' splice site junction in dicots is TGYAG GT. Nucleotides that are identical to the consensus sequence are underlined. . . :_:III_I.: possible initiation codons (ATG) in the Arabidopsis U1-70K gene that are in the same frame. An in-frame stop codon is present upstream of the first initiation codon, suggesting that the coding region cannot be longer than the one we identified. The protein produced from the second initiation codon has an N-terminal sequence similar to that of vertebrate U1-70K, whereas the protein produced from the first initiation codon has an additional 33 amino acids that are not present in the animal U1-70K protein. However, the first initiation codon is most likely the true initiation codon because of the consensus sequences (GCCAIGCCAUGG) surrounding it. In plants and other eukaryotes, purine is present at the -3 position in the majority (80 to 90%) of mRNAs (Cavener and Ray, 1991; Kozak, 1991) . The first initiation codon has a purine at position -3, and other nucleotides surrounding the initiation codon are better matched with six of seven consensus nucleotides (GTCGCCAUGQ. The presence of the first 33 amino acid residues in the Arabidopsis U1-70K protein is likely to be unique. The calculated molecular m a s of the predicted protein is 50 kD, with a pl of 9.34. The size of the Arabidopsis U1-70K protein is close to the size of the animal U1-70K protein. A comparison of the deduced amino acid sequence from cDNA clone 23 with the published amino acid sequences of the U1-70K protein from humans (Theissen et al., 1986) , Drosophila (Mancebo et al., 1990) , Xenopus (Etzerodt et al., 1988) , and yeast (Smith et al., 1989 ) indicated a significant sequence similarity between Arabidopsis and animal U1-70K proteins. Because the highest sequence similarity (64%) was found with the human U1-70K protein, we aligned the predicted amino acid sequence of the Arabidopsis protein with the human U1-70K protein (Figure 4) . The U1-70K protein and other RNA binding proteins contain an RRM domain of ~8 0 amino acids in length (Bandziulis et al., 1989) . Within this RRM, two highly conserved amino acid segments (RNP1 and RNP2) are present. Deletion analysis with the human U1-70K protein demonstrated that the RRM is essential for binding of the U1-70K protein to the U1 snRNA (Query and Keene, 1987) . In addition to the RRM, the C termini of all metazoan U1-70K proteins have a glycine-rich region downstream of the RRM and two RS-rich regions characterized byseveral RS dipeptides (Theissen et al., 1986; Etzerodt et al., 1988; Mancebo et al., 1990) . The deduced amino acid sequence of the Arabidopsis U1-70K protein contains an RRM comprising RNP2 (amino acid residues 141 to 146) and RNPl (amino acid residues 179 to 186) consensus sequences and a glycinerich region. Although the C terminus of the Arabidopsis U1-70K protein has an arginine-rich region, it does not share strong sequence similarity with the metazoan U1-70K protein ( Figure 5 ). Search of a Prosite data base at EMBL with the Arabidopsis U1-70K sequence revealed the presence of potential nuclear signals, including a bipartite motif (RRDRDRTRDRGDRDRRD) in the arginine-rich region. In addition, there are other nuclear localization signals (NLSs) in the deduced amino acid sequence (Figure 4 ). Deletion analysis of the human U1-70K protein revealed two distinct NLS signals, one in the RRM (DGKKIDGRR) and the second in an arginine-rich region, that are capable of targeting the protein to the nucleus (Romac et al., 1994) . Seven of eight amino acids in the NLS located in the RRM are conserved between Arabidopsis and human U1-70K proteins, suggesting that this region is a potential NLS in Arabidopsis U1-70K protein (Figure 4) . The presence of several NLSs in Arabidopsis U1-70K strongly suggests that it is a nuclear protein.
cDNA clone 24 contains a long alternative included intron between exons 6 and 7 that interrupts the RRM between RNP2 and RNP1 ( Figure 5 ). This 910-bp region has an in-frame termination codon resulting in a truncated protein that contains only 204 amino acids, of which the last 28 amino acids are encoded by the included intron (Figure 2 ). Data base searches with this 28-amino acid peptide did not reveal any significant homology with other proteins. Therefore, it is likely to produce a truncated protein, with part of the RRM containing RNP2 only. The functional significance, if any, of the larger transcript and the truncated protein encoded by this cDNA is not known. It is of interest that a smaller (60 or 72 nucleotides) alternatively spliced included/excluded exon is found in the human U1-70K gene at a different location within the RRM; this exon produces a truncated protein due to the presence of an inframe translation termination codon. However, unlike the Arabidopsis U1-70K gene, the truncated protein from the human U1-70K gene has both RNP2 and RNP1 consensus sequences (Figure 4) .
The U1-70K Gene Produces Two Major Transcripts That Are Differentially Expressed in Different Organs
The presence and abundance of two transcripts in different tissues were examined by RNA gel blot analysis. As shown in Figure 6A , two distinct transcripts (1.7 and 2.8 kb) hybridized with the full-length cDNA under high-stringency conditions. The cDNAs isolated in this study are almost the same size as the two hybridizing bands. The two transcripts are differentially expressed in different tissues, resulting in a variable ratio of these transcripts in different plant organs (Figure 6) . The large transcript is more abundant in flowers, suspension cultures, and leaves, whereas a relatively high level of the short transcript is detected in roots. Probing of the same blot with ubiquitin indicates that an equal amount of RNA was loaded in each lane ( Figure 6B ). To further confirm the presence of two transcripts, reverse transcriptase-polymerase chain reaction (RT-PCR) was performed with DNase-treated RNA by using primers (5' and 3') that specifically amplify the included intron and primers (43 and 14) within exons 5 and 8 that amplify both of the transcripts ( Figure 7A ). Amplification of first-strand cDNA with 5' and 3' primers yielded a 910-bp product that hybridized with the included intron probe from clone 24, indicating the presence of the transcripts containing the included intron in all of the tissues tested ( Figure 7B ). Furthermore, fragments of the expected sizes, 0.23 and 1.14 kb (for short and long transcripts, respectively), were produced with callus RNA by using primers 43 and 14 ( Figure 7C, lane 1) . The 1.14-kb product hybridized with both short cDNA and the included intron-specific probe from clone 24 ( Figure 7C, lanes 2 and 3) , whereas the 0.23-kb product hybridized only with the short cDNA (clone 23) (Figure 7C, lane 3) . However, the amount of the amplified products does not reflect the abundance of each transcript in the m RNA. The use of DNase-treated RNA samples without first-strand cDNA synthesis for RT-PCR failed to produce any amplified products. These results, together with the above-mentioned RNA gel blot data, confirm the presence of two distinct U1-70K transcripts in Arabidopsis.
Escherichia co//-Expressed Arabidopsis U1-70K Protein Is Recognized by the U1 RNP-Specific Monoclonal Antibody
To determine the size of the protein produced by the short and long transcripts and to perform in vitro binding studies with Arabidopsis U1 snRNA, the cDNAs were expressed in £. coli. A 1.4-kb Hindlll-Apal fragment of cDNA clone 23 and a 2.5-kb Hindlll-Smal fragment of cDNA clone 24 were expressed as His-T7.Tag fusion proteins in pET28. The gene fusion from cDNA clone 23 is predicted to produce a polypeptide of 50 kD (45 kD from the cDNA plus 5 kD from His-T7.Tag), whereas the fusion from cDNA clone 24 is expected to produce a polypeptide of ~24 kD (19 kD from the cDNA plus 5 kD from the His-T7.Tag) due to the presence of a translation termination codon within the included intron. Equal amounts of total protein extract from induced and uninduced cultures were separated on an SDS-polyacrylamide gel ( Figure 8A ) and probed with either T7.Tag-or U1 RNP-specific monoclonal antibodies ( Figures 8B and 8C ). Both antibodies detected two polypeptides of ~65 and 70 kD in the protein extract from induced cells containing the cDNA 23 ( Figures 8B and 8C , lanes 2). These polypeptides were never detected in uninduced cultures. The size of the protein detected is larger than the size expected from the predicted amino acid sequence. However, it is known that the presence of an RS-rich region in the animal U1-70K protein results in abnormal migration of the protein (Spritz et al., 1987; Query et al., 1989) . The higher molecular mass of the Arabidopsis U1-70K protein is probably also due to the arginine-rich domain in the C-terminal region. The 65-kD A «. 
Isolation of U1 snRNAs from Arabidopsis
Two degenerate primers that are designed based on consensus sequences of plant and animal U1 snRNAs (Solymosy and Pollak, 1993) were used to amplify U1 snRNAs from Arabidopsis genomic DNA. The amplified products were cloned into pBluescript KS+ and sequenced to confirm the identity of the clones. Figure 9 shows the nucleotide sequence and structure of one of the isolated clones that was used for RNA-protein binding studies. This U1 snRNA contains 158 nucleotides and shows a high degree of conservation with other plant and animal U1 snRNAs. The Arabidopsis U1 snRNA is ^70 to 75% identical with other plant U1 snRNAs. The Arabidopsis U1 snRNA, like other plant and animal U1 snRNAs, folds into a secondary structure that consists of four stem-loops (I to IV) ( Figure 9 ). The size of plant U1 snRNAs varies between 157 and 165 nucleotides, and several variants are found in a given species (Solymosy and Pollak, 1993) . In animals, the stem-loop I of U1 snRNA is the site of The structure is generated by comparative analysis with published U1 snRNA sequences from animals and other plants. Numbers I to IV represent stem-loop structures.
interaction of the U1-70K protein in which four nucleotides (27U, 29A, 30U, and 31C) have been shown to be required for binding of the U1-70K protein (Yuo and Weiner, 1989; Luhrmann et al., 1990) . These nucleotides are present in the Arabidopsis U1 snRNA. However, in many other plant U1 snRNAs, the nucleotide at position 27 is a C residue. It is also known that many plant U1 snRNAs either have shorter loop sequences or lack one of the nucleotides required for binding (van Santen and Spritz, 1987b; Abel et al., 1989; Hanley and Schuler, 1991a, 1991b; Vauxetal., 1992) . Hence, it is possible that variant U1 snRNAs bind to the U1-70K protein with different affinities. A DNA gel blot probed with the U1 snRNA revealed several bands with three different restriction enzymes, suggesting that there are multiple U1 snRNA genes in Arabidopsis (Figure 10 ). These genes are most likely clustered in the genome because the restriction digests with rare cutting enzymes yielded only one or two high molecular weight bands (data not shown). Probing of total RNA with the isolated U1 snRNA showed that they are abundantly expressed in several different tissues (data not shown).
The E. co//-Expressed Plant U1-70K Protein Binds U1 snRNA
To determine whether the isolated cDNA-encoded protein interacts with U1 snRNA, we performed in vitro RNA-protein binding studies using gel shift assays and protein-RNA gel blot analysis. For the gel shift assay, labeled U1 snRNA was incubated with the purified E. co//-expressed U1-70K protein or crude extracts of induced cultures containing the cDNA clone 23. The RNA-protein complexes were then separated on native gels. As shown in Figure 11A , incubation of different amounts of purified protein (lanes 2 and 3) or crude extract (lane 5) of induced cultures containing the short cDNA retarded the mobility of U1 snRNA. Extracts from uninduced cultures (lane 4) or BSA (lane 6) did not cause any retardation. Furthermore, excess of cold U1 snRNA in the assays abolished the mobility shift, indicating the specificity of U1 snRNA binding to protein (data not shown).
To characterize further the binding of U1 snRNA to protein from clones 23 and 24, we performed protein-RNA gel blot analysis. Protein blots containing the total protein extract from uninduced and induced cultures containing the short or long cDNA were probed with labeled U1 snRNA. The same two peptides (65 and 70 kD) that were detected with U1 RNP-specific antibodies in induced cultures (Figure 8 ) bound specifically to U1 snRNA ( Figure 11B, lane 2) . Protein-RNA gel blots using the fusion protein from cDNA clone 24 did not show any specific binding to U1 snRNA ( Figure 11B, lane 3) . This result is likely due to an incomplete RRM without an RNP1 consensus sequence in the truncated protein encoded by cDNA clone 24. BSA that was used as a negative control did not show any binding ( Figure 11B , lane 4). These results clearly indicate that the protein product from clone 23 only binds directly and specifically to the Arabidopsis U1 snRNA. These results prove that the cDNA-encoded protein is a true homolog of the U1-70K protein.
DISCUSSION
Comparison of the Arabidopsis U1-70K Protein with the Human U1-70K Protein Reveals Similarities and Differences
The human U1-70K protein has several domains that are structurally and functionally important, as determined by sequence ( Woppmann et al., 1993; Romac et al., 1994) . The RS-rich regions contain several dipeptide repeats of RD/RE and RS. Because the Arabidopsis U1-70K protein shows the highest sequence similarity with its human counterpart, we analyzed the predicted sequence of the Arabidopsis U1-70K protein for the presence of various structural and functional domains present in human U1-70K protein. We found that some of the functional domains that have been characterized in vertebrate U1-70K proteins are present in the Arabidopsis U1-70K protein. These include RRM with two consensus sequences (RNP1 and RNP2), an NLS in the RRM, a glycine-rich region downstream of the RRM, and an arginine-rich region at the C terminus of the protein (Figure 4) . Similar charged regions, named RS-rich domains, have been found in a number of splicing factors, including alternative splicing factor/splicing factor 2 (Ge et al., 1991; Krainer et al., 1991) , U2AF
65 , U2AF
35 (Zhang et al., 1992) , SC35 (Fu and Maniatis, 1992) , and Drosophila transformer (tra) (Boggs et al., 1987) , transformer-2 (tra-2), and suppressor-of-white-apricot (su[w] a ) products (Goralski et al., 1989) , which are known regulators of RNA splicing.
The presence of two distinct RS-rich regions in the C terminus is not obvious in the Arabidopsis U1-70K protein. In addition, the arginine-rich region in Arabidopsis contains mostly RD/RE dipeptides (21 repeats). This may reflect some variation in the function of plant U1-70K, because this region in the animal protein contains more RD/RE dipeptides (25 repeats) and RS dipeptides (11 repeats) that interact with similar RSregions in splicing factors. The human U1-70K protein is phosphorylated at multiple sites in the C-terminal RS region, thereby generating 13 different variants (Woppmann et al., 1993) . The serine residues in the RS region are the sites of phosphorylation. It has also been shown that phosphorylation of U1-70K plays an important role in pre-mRNA splicing (Tazi et al., 1993) . The fact that the arginine-rich region in the Arabidopsis U1-70K protein does not contain many RS dipeptides suggests that either it is not a phosphoprotein or it is not as heavily phosphorylated as in the human U1-70K protein. The presence of an arginine-rich region in Arabidopsis also suggests that this region may be involved in interacting with splicing factors implicated in basic and alternative splicing. Neither the glycine/proline-rich region between two RS domains nor the glycine region C terminus of the second RS domain is present in Arabidopsis U1-70K. Overall, the Arabidopsis U1-70K protein shares certain features with the animal U1-70K protein but differs in other respects. These differences may reflect variations in pre-mRNA splicing between plants and animals.
comparison and deletion analysis. These include (1) an RRM containing RNP2 and RNP1 consensus sequences and an NLS, (2) a glycine-rich region next to the RRM, (3) two RS-rich regions (residues 231 to 310 and 350 to 383), (4) a glycine/proline-rich region in front of the second RS-rich region, and (5) a glycine-rich region downstream of a second RS-rich region
The Structural Organization of the Plant U1-70K Gene Is Different from That of Vertebrate U1-70K Genes
The general structure of U1-70K genes has been conserved through vertebrate evolution. Although there are many similarities between the human and Arabidopsis U1-70K genes, there are also obvious striking differences. The Arabidopsis U1-70K gene is m3.5 kb, whereas the human U1-70K gene is much longer (44 kb) and contains one additional exon. The alternatively spliced included intron is much longer (910 bp) in Arabidopsis than in humans (60172 bp). The position of the included intron is also different in Arabidopsis and animal U1-70K genes. Furthermore, the large transcript is produced due to skipping 5' and 3'splice sites flanking the 910-bp included intron. The sequences at the 5'and 3'splice sites flanking the included intron are in good agreement with the consensus sequences. This kind of alternative splicing has also been found in the genes encoding fibronectin, the platelet-derived growth factor A chain and Drosophila P element transposase (Laski et al., 1986; Collins et al., 1987; Schwarzbauer et al., 1987) . However, in humans, the use of three alternative 5'splice sites in conjunction with the common 3'splice site results in inclusion/exclusion of a 60/72-bp region in the transcript. The overall exon-intron organization of the U1-70K gene is identical in humans, Xenopus, and mouse. The nucleotide sequence of alternative included/excluded exon containing an in-frame stop codon along with the sequences in the downstream intron is completely conserved in vertebrates.
Two Transcripts Are Produced from a Single U1-70K Gene by Alternative Splicing
Results from genomic DNA gel blots, sequence analysis of the cDNA and genomic clones, and chromosomal mapping of the gene clearly indicate that the U170K protein is encoded by a single gene in Arabidopsis. Furthermore, detailed analysis of severa1 cDNA clones and a genomic clone suggests that alternative splicing of the gene is responsible for the production of two distinct transcripts. This is confirmed by RNA gel blot analysis showing two distinct transcripts of the expected length ( Figure 6A) . The fact that one-third of the isolated cDNAs are of the clone 24 type suggests that this transcript is highly expressed. Two partia1 cDNAs of Arabidopsis expressed sequence tags sequences (GenBank accession numbers g b lT45822 19085 and gb(T449561829) containing the included intron indicating the presence of the long transcript in the mRNA population. Data from RT-PCR using primers that specifically amplify either the long transcript or both of the transcripts (Figure 7 ) also confirmed the presence of both transcripts in various tissues. In humans, two mRNAs of 4 . 7 and 3.9 kb were also found in cultured cells. However, the 1.7-kb mRNA is 40-fold more abundant than the 3.9-kb transcript (Spritz et al., 1987) . The length of the included/excluded exon is less than 100 bases; hence, it is not clear how the longer transcripts are generated in animals. In Drosophila, two transcripts of 1.9 and 3.1 kb hybridized with the U1-70K cDNA. The shorter transcript is abundant, and the ratio of the two transcripts is developmentally regulated (Mancebo et al., 1990) .
The functional effects of alternative splicing on the encoded protein products can be at the leve1 of activity (loss, gain, or modification) or cellular localization of the protein. Although the function of the protein encoded by the larger transcript with the included intron remains to be determined, its expression in various tissues and regulation of the relative abundance suggest a role for this transcript. It is possible that the long transcripts with the included intron may be performing one or more functions. First, production of a truncated protein may regulate the,amount of functional protein in the cell. Second, the truncated protein may be functional and associate with U1 snRNP in vivo but have a different function from the full-length protein.
Recent reports from studies with yeast and humans suggest this possibility (Nelissen et al., 1994; Hilleren et al., 1995) . The N-terminal region (amino acids 1 to 97) of human U1-70K that lacks the RRM associates efficiently with core U1 snRNPs (Nelissen et al., 1994) , although this protein is not known to interact directly with U1 snRNA under in vitro conditions. In yeast, it has been shown recently that the N-terminal region of ~9 2 amino acids that does not contain an RNA recognition motif but can associate with U1 snRNP in vivo is necessary and sufficient for U1-70K function (Hilleren et al., 1995) . Furthermore, the truncated protein encoded by the large transcript shows significant sequence similarity (40% identity and 60% similarity) with the 97-amino acid N-terminal region of human and yeast U1-70K, which is shown to associate with U1 snRNP.
The fact that plants, including Arabidopsis, have multiple U1 snRNAs that show variation in size and nucleotide sequence in stem-loop I suggests that different U1 snRNAs may have different affinities for U1 snRNP proteins, including U1-70K. Differential interaction of plant U1 snRNAs with U1-70K protein may have important implications in pre-mRNA splicing.
Alternative splicing of pre-mRNAs encoding certain proteins is fairly common in animals. It is one of the important mechanisms in regulating gene expression and controlling development (Green, 1991; Guthrie, 1991) . For instance, sex determination in Drosophila is controlled by alternative splicing of genes (Smith et al., 1989; Tian and Maniatis, 1992) . However, very few examples of alternative splicing are known in plants. These include ribulose-l,5-bisphosphate carboxylase/oxygenase activase (Werneke et al., 1989) , RNA polymerase II (Dietrich et al., 1990) , RNA binding protein-1 (Hirose et al., 1993) , chorismate synthase (Gorlach et al., 1995) , a rice homeobox gene (Tamaoki et al., 1995) , and H protein (Kopriva et al., 1995) . Alternative splicing of some pre-mRNAs is due to utilization of different 5' splice sites and a common 3'splice site (Werneke et al., 1989; Hirose et al., 1993; Gorlach et al., 1995) . whereas in others it is due to utilization of a common 5' splice site and different 3' splice sites (Grotewold et al., 1991) . In the case of Arabidopsis U1-70K, generation of a large transcript is due to skipping of both 5'and 3'splice sites of a long (910 bp) intron.
The Arabidopsis U1-70Kgene is the only plant U1-70K gene that has been characterized, providing the only evolutionary comparison between plant and non-plant (yeast and animal) U1-70K proteins. The availability of full-length cDNAs should permit investigations of the role of U1-70K in basic and alternative splicing by manipulating the expression of this gene transiently or stably in a tissue-specific manner and analyz-ing the splicing of pre-mRNAs that are known to undergo basic and alternative splicing. Furthermore, it is also possible to study the interaction of U1-70K with other proteins by using avariety of approaches.
METHODS
Plant Material
Plants (Arabidopsis thaliana ecotype Columbia) were grown at 22OC on a mixtureof peat-perlite-vermiculite (1:l:l) under continuous light. Six-week-old plants were used to collect flowers, fruits, leaves, and stems. Roots were grown in liquid culture and harvested, as described by Reddy et al. (1994) . Suspension culture cells and callus were maintained as described by Day et al. (1996) .
Screening of cDNA and Genomic Libraries
A cDNA library of flower buds constructed in hZAPll vector was scresned with a partial U1 small nuclear ribonucleoprotein particle (snRNP) 70K (Ul-70K) cDNA (pASNP1) isolated previously (Reddy et al., 1992) . Approximately 5 x 105 plaques were screened by using 3zP-labeled pASNP1, according to Sambrook et al. (1989) . Thirty-two positives detected in the first screening were plaque purified by two additional rounds of screening. The cDNAs from phage recombinants were excised in vivo in a plasmid form (pBluescript SK+), according to the instructions provided by Stratagene.
To isolate genomic clones, an amplified genomic library prepared in the EMBL3 vector was screened as described above by using the partial cDNA as a probe. Screening of 4 x 105 plaques resulted in isolation of 46 clones. Phage DNA from several genomic clones was isolated and analyzed with several restriction enzymes. A genomic clone that contained the complete gene was subcloned and used for further analysis.
DNA and RNA Gel Blot Analyses
Genomic DNA was isolated from leaves and stem by using ureaphenol-containing buffer. Seven micrograms of DNA was digested with different restriction endonucleases, electrophoretically separated in 0.8% agarose gel, and transferred to a nylon membrane (Hybond N; Amersham),. The DNA was cross-linked to the filter by exposing it to UV in a Stratalinker (Stratagene). Radioactive probes were synthesized with an oliogolabeling kit from Amersham by using nanonucleotide random primers. Prehybridization and hybridization were done using the Quick Hybridization solution (Amersham), according to instructions provided by the supplier. The filters were washed under high-stringency conditions and exposed to x-ray film.
RNA from different organs and tissues was isolated and purified on aCsCl cushion (Sambrooket al., 1989) . RNA pellets weredissolved in either deionized formamide (for RNA gel blots) or HNase-free water (for reverse transcriptase-polymerase chain reaction [RT-PCR]). The RNA from different plant organs was separated in a 1% formaldehydecontaining agarose gel, transferred to a Hybond N+ (Amersham) membrane, and cross-linked by using UV light. A radioactive probe was prepared as described above. Hybridization was performed by using Quick Hybridization solution, according to the instructions provided by the manufacturer.
Restriction Fragment Length Polymorphisrn Mapping
A genomic (h 5) clone that showed polymorphism between the Landsberg erecta and Columbia ecotypes was used for mapping the position of the U1-70K gene. The mapping filters prepared with Xbal were probed with the ; I clone and scored for Xbal polymorphism between Landsberg erecta and Columbia ecotypes on 100 individuals. The data were analyzed with Mapmaker Macintosh version 1.0 software (Chang et al., 1988) .
DNA Sequencing
Both strands of several cDNA clones and a genomic clone were sequenced by the dideoxy nucleotide chain termination method, using double-stranded DNA as a template. Subclones and primer walking were used to obtain complete sequences of the clones. Sequence analysis was performed using the Sequencher and MacVector (International Biotechnologies Inc., New Haven, CT) sequence analysis software. Data base searches were performed at the National Center for Biotechnology lnformation by using the BLAST network service provided by the National Library of Medicine (Bethesda, MD). Alignment of protein sequences was done using the PILEUP program (Genetics Computer Group, Madison, WI).
RT-PCR
Total RNA was treated with DNase before being used as a template for RT-PCR. One microgram of total RNA was routinely used to synthesize first-strand cDNA with an oligo(dT) primer and avian myeloblastosis virus reverse transcriptase in a 20-pL volume (Reddy et al., 1996b) . 5'(TACGTAGGTTATTCTGAGCATTCC) and 3(GTTAAC-CTGAGAAGTTTCAGAAGA) primers specific to the included intron were used to amplify the 910-bp included intron, whereas 43 (CCCAATAAT-GATCCAAATGC) and 14 (CCATCAGCTTGCTTATATGC) primers were used to amplify short (230 bp) and long (1140 bp) transcripts. The PCR reactions were performed in a final volume of 50 pL. The reaction mixture was preheated to 94OC for 5 min and cooled to 55OC, and Taq polymerase was added to initiate the amplification reaction. Twentyfive or 35 cycles of amplification were performed in a Perkin-Elmer (Emeryville, CA) thermal cycler. Each amplification cycle consisted of 1 min of denaturation at 94OC, 1 min of annealing at 53OC, and 2 min of extension at 72OC. The amplified products were resolved by electrophoresis in 1.5% agarose gels. Amplification of RNA without first-strand cDNA synthesis did not yield any amplified products. To confirm the identity of the PCR-amplified product, the gel was blotted and probed with 32P-labeled DNA of either the 910-bp included intron fragment of cDNA clone 24 ora 1.6-kb (Apal-Smal) fragment of cDNA clone 23. Primers corresponding to a constitutively expressed cyclophilin gene (ROC1) were used as an interna1 control to demonstrate that we used equal amounts of first-strand cDNA in all reactions (Lippuner et al., 1994; Day et al., 1996) .
Protein Expression in Escherichia coli cDNA clone 23 was digested with Apal, and the ends were blunt ended with T4 polymerase and digested with Hindlll to release the Hindlll blunt-ended fragment. The pET28b plasmid with a Hindlll site and a blunt end was prepared by digesting the plasmid with Xhol and blunting the ends, followed by a second digestion with Hindlll. The cDNA fragment (Hindlll and blunt ended) was then inserted in frame into the pET28b plasmid that contained a Hindlll site and a blunt end. A 2.5-kb (Hindlll-Smal) fragment from clone 24 was cloned into the pET28b plasmid (Hindlll and blunt ended), prepared as given above. Each of these constructs was introduced into E. coli BL21(DE3) and grown in Luria-Bertani medium containing 30 pglmL kanamycin. Soluble and insoluble protein from induced and uninduced cultures was prepared as described by Reddy et al. (1996a) . Analysis of the soluble and pellet fractions of total protein extracts resulted in the recovery of a fusion protein exclusively in the pellet fractions, suggesting that the fusion protein is present in inclusion bodies. The protein was solubilized with sarkosyl-or urea-containing buffers and renatured by extensive dialysis to remove detergent.
Protein Gel Blot Analysis
Fusion proteins were separated on a 12% SDS-polyacrylamide gel and transblotted onto a nitrocellulose membrane by using a Bio-Rad transfer cell. The filters were blocked for 1 hr at 30°C in TBST (10 mM Tris-HCI, pH 8.0, 150 mM NaCI, and 0.1% Tween-20) containing 3% gelatin. After rinsing with TBST, the filters were incubated with primary antibodies (undiluted U1 RNP-specific monoclonal antibodies o r a 1:10,000 dilution of T7.Tag monoclonal antibodies in TBST) for 30 min. The filters were then washed and incubated with asecondary antibody coupled to horseradish peroxidase. lmmunoreactive bands were detected colorometrically by immersing the filters in a substrate solution (0.8 mg/mL diaminobenzidine, 0.4 mg/mL NiCIZ, and 0.009% H202 in 100 mM Tris-HCI, pH 7.5). primers corresponding to the U1 small nuclear RNA (snRNA) were designed based on published plant and animal U1 snRNAs (Solymosy and Pollák, 1993) and used to amplify corresponding sequences from Arabidopsis. Sense and antisense primers contained, in addition to U1 snRNA sequences, restriction sites for Sacl and Kpnl, respectively. Genomic DNA (100 ng) was preheated to 70°C for 10 min before adding the reaction components. Thirty-five cycles of amplification were performed (94OC for 1 min, 45OC for 1 min, and 72OC for 1 min), with a final extension step at 72°C for 3 min. PCR products were purified by extracting with phenol-chloroform and precipitated with ethanol. After Sacl-Kpnl digestion, the DNA was separated by agarose gel (20/0) electrophoresis, and a fragment of the expectsd length (160 bp) was extracted from the gel (Favre, 1992) and subcloned into Sacl-Kpnl sites of plasmid vector pBluescript KS+ (Stratagene). 60th strands of the inserts of several clones were sequenced using M13 reverse and -20 primers.
was used to label U1 snRNA. The reaction product was purified by passing it through a Sephadex G25 column (Pharmacia) and precipitating the RNA with ethanol (Sambrook et al., 1989) . The labeled U1 snRNA precipitate was dissolved in 100 pL of RNase-free water containing 2 pM of yeast tRNA and 20 to 40 units of RNasin (RNase inhibitor) and either used immediately or stored at -80°C until use.
Mobility Shift Assay
Total protein extract of induced and uninduced cultures of E. colicells containing the short (clone 23) or long (clone 24) cDNA was prepared as given above. Binding of U1 snRNA to protein was performed in a reaction volume of 20 pL containing KHN buffer (20 mM Hepes, pH 7.9, 100 mM KCI, 0.05% Nonidet P-40), 1 pL of 32P-labeled U1 snRNA, and total protein extract from E. coli cells or the solubilized U1-70K protein fraction. The reaction mixture was incubated for 1 hr at 27% and the RNA-protein complex was separated on native polyacrylamide gels (5%) by using either glycine or TBE (45 mM Tris-borate, 1 mM EDTA) buffer. The gel was dried and exposed to x-ray film.
Protein-RNA Gel Blot Analysis
Proteins expressed in E. coli were fractionated in 10% SDS-polyacrylamide gels and transferred to a nitrocellulose membrane. The filter was blocked overnight at 4°C in blocking buffer (5 x Denhardt's solution [ l x Denhardt's solution is 0.02% Ficoll, 0.02% PVP, 0.02% BSA] in 10 mM Tris-HCI, pH 7550 mM NaCI, 1 mM EDTA) and then incubated in 10 mL of KHN buffer containing labeled U1 snRNA (2 x 105 cpm) for 1 hr at 28°C with gentle agitation (30 rpm). The membrane was washed several times (20 min each time) with KHN buffer in blocking buffer without Denhardt's solution. The wet filter was covered with Saran Wrap and exposed to x-ray film.
scribed into U1 RNA sequence variants differing from each other in similar regions of secondary structure. Nucleic Acids Res. 17,
